[1] An eddy-resolving coupled ecosystem-circulation model of the North Atlantic is used to investigate the impact of mesoscale variability on the nitrate supply to the light-lit euphotic zone. The focus is on the oligotrophic subtropical gyre where eddies have been suggested to reconcile apparently contradictory observational estimates of nutrient supply and export production. Comparison with observations indicates that the numerical model provides a realistic description of the subtropical eddy field and its interaction with biogeochemical tracers. The model results illustrate that the eddy-induced nitrate flux into the euphotic zone is largest near the margins of the oligotrophic gyre where both vertical and lateral nutrient supply by eddies are effective. Typical values of simulated eddyinduced nitrate supply are 0.05 mol m À2 yr À1 , which is much lower than has been suggested previously. This new estimate of eddy-induced nitrate supply is not sufficient to reconcile seemingly contradictory observational estimates of biological production in the subtropics. Alternative sources of fixed nitrogen, deviations from standard elemental stoichiometry, and possible effects of interannual variability will have to be considered in order to resolve apparent observational discrepancies in the oligotrophic subtropical gyres.
Introduction
[2] A major problem in our present understanding of the oligotrophic subtropical ocean gyres is that indirect geochemical estimates of both nutrient supply to the light-lit surface layer [Jenkins, 1988] and export of photosynthetically fixed material sinking out of it [Jenkins, 1982] tend to be substantially higher than direct biological and physical measurements [e.g., Lewis et al., 1986; Lohrenz et al., 1992] could account for. One explanation that has been put forward to resolve this apparent discrepancy is that sporadic nutrient injections by mesoscale eddies may have been under-represented by the direct measurements, whereas they are automatically included in geochemical tracer budgets which integrate over longer time and space scales [Jenkins, 1988] .
[3] Process-model studies have indicated that eddyrelated upwelling of nutrient-replete density surfaces into otherwise nutrient-depleted surface waters can significantly enhance biological production [Dadou et al., 1996; McGillicuddy and Robinson, 1997] . Although upward and downward excursions due to eddies will average out, the vertical asymmetry in the light field can result in a rectified nutrient transport into the euphotic zone by allowing for enhanced consumption of nutrients by phytoplankton during upward displacements. So far, only a few direct observations of this process, often termed eddy-pumping, exist and interpretations regarding its long-term and basin-scale significance vary considerably [e.g., Falkowski et al., 1991; McNeil et al., 1999] . Note, that explaining the sparseness of direct observations of the eddy-pumping process by under-representation of eddies in the in situ observations is problematic: Statistically, there is no reason why in situ measurements should have undersampled (or oversampled) these events. The likelihood of systematic sampling errors should be particularly small for the long-term time-series sites in the subtropical oceans, the Bermuda Atlantic Time-series Study (BATS) and the Hawaii Ocean Time-series (HOT) with typical sampling intervals (monthly to fortnightly) similar to the lifetime of eddy signals [e.g., McNeil et al., 1999] .
[4] Previous estimates of eddy-induced nutrient supply have mostly concentrated on the uplift and uptake of nutrients, while recharging of isopycnals below the euphotic zone was parameterized by restoring to climatological nitrate concentrations [McGillicuddy and Robinson, 1997; McGillicuddy et al., 1998; Siegel et al., 1999] . A complete picture of eddy-enhanced new and export production, however, has to account not only for uplift and uptake of nutrients, but also for sinking and subsequent remineraliza-tion of photosynthetically fixed organic matter. Because sinking is relative to the ambient water and thus constitutes a diapycnal transport, remineralization of organic matter occurs on denser (and locally deeper) isopycnals than its formation (Figure 1 ). Without recharging nutrient levels of the lighter isopycnals, the long-term effect of eddies would therefore be a net deepening of the nutricline to a level at which eddies cannot anymore raise nutrient-replete isopycnals into the euphotic zone, and eddy-pumping would cease. Irrespective of the level of eddy activity, the bottleneck of upper ocean nutrient supply still is the diapycnal flux that may either occur locally (i.e., vertically) or be associated with remote water mass transformation and subsequent isopycnal (i.e., lateral) transport.
[5] The present study aims at a consistent picture of nutrient uptake and replenishment by solving a unique set of prognostic equations for physical and biological variables both within and below the euphotic zone. With respect to earlier work using the same ecosystem model embedded into a circulation model of the North Atlantic [Oschlies and Garçon, 1998 ], the horizontal grid spacing of the coupled ecosystem-circulation model has been reduced from (1/3)°( i.e., $35 km) to (1/9)°(i.e., $12 km) which is now fine enough to realistically simulate the mesoscale eddy field in the subtropics and midlatitudes [Oschlies, 2002a] . As a result, the assimilation of satellite altimeter data (and hence a perturbation of the model dynamics) is not anymore necessary to achieve realistic levels of eddy kinetic energy. This will allow a more consistent analysis of eddy-related nitrate fluxes than was possible before.
Model
[6] The numerical model consists of a simple four-component nitrate-phytoplankton-zooplankton-detritus (NPZD) ecosystem model [Oschlies and Garçon, 1999] embedded into an eddy-resolving 2/15°Â 1/9°resolution circulation model based on the Geophysical Fluid Dynamics Laboratory's (GFDL) Modular Ocean Model (MOM [Pacanowski et al., 1991] ). There are 37 levels in the vertical, with 11 levels being situated in the upper 150 m. Vertical mixing is modeled by a turbulence closure scheme [Gaspar et al., 1990] tuned to closely match observational estimates of diapycnal diffusion derived from a tracer-release experiment in the main thermocline of the eastern subtropical North Atlantic [Ledwell et al., 1993 [Ledwell et al., , 1998 ]. The atmospheric forcing consists of ''climatological'' monthly mean wind stress and heat flux fields derived from the years 1989 to 1993 of the reanalysis project carried out at the European Centre for Medium-Range Weather Forecasts (ECMWF) [Gibson et al., 1997] . The chosen period corresponds to a positive phase of the North Atlantic Oscillation (NAO) and is distinct from the forcing used in the earlier (1/3)°model study by Oschlies and Garçon [1998] representing a more negative phase of the NAO. This results in simulated winter mixed layers near Bermuda being shallower and associated convective nitrate supply being smaller in the present model compared to the earlier version (see discussion by Oschlies [2001 Oschlies [ , 2002b ). Freshwater fluxes are parameterized by restoring surface salinity to observed monthly means taken from the Levitus et al. [1994] atlas. To account for water mass transformation outside the limited model domain, temperature, salinity, and nitrate are restored to climatological data in buffer zones (15 grid points wide) at the closed northern and southern walls and in the Mediterranean outflow.
[7] With respect to the earlier (1/3)°version, the (1/9)°s imulation requires a 9-fold increase in storage space and a 27-fold increase in the number of computer operations. The (1/9)°configuration is run on 4 processors of a Cray SV-1 vector machine, using about 400 MWords core memory and 130 CPU days per simulated year. After starting from a spun-up state of a (1/3)°simulation, the (1/9)°model is integrated for one year before biology is inserted, and the coupled model is run for five more years. Although the relatively short integration period does not allow the (1/9)°m odel to reach dynamic (or even thermodynamic) equilibrium, an investigation of eddy effects on upper ocean physics and biogeochemistry seems already sensible at this stage. Encouraging in this respect are an almost stationary kinetic energy level reached after about 2 years [Oschlies,, 2002a] of the high-resolution run and the short (approx- Figure 1 . Schematic representation of the eddy upwelling mechanism as a function of time, representing formation and decay of a cyclonic eddy. The thick solid lines indicate nutrients that, on formation of the eddy, are lifted into the euphotic zone. Because sinking of particulate organic matter is a diapycnal transport, subsequent remineralization will eventually deposit these nutrients on denser and locally deeper isopycnal surfaces, resulting in a net deepening of the nutricline. To reestablish the initial conditions, nutrients have to be fluxed back onto the lighter isopycnal either by local diapycnal mixing or by lateral isopycnal transport.
imately annual) adjustment time of the pelagic ecosystem model [Oschlies and Garçon, 1999] . For the present study, results will be shown for the third to fifth year of the coupled (1/9)°run. During this 3-year period, simulated winter mixed-layer depths and upper-ocean biogeochemical properties are found to be remarkably stable. With the exception of a 10% decline in the simulated vertical advective nitrate input by eddies in the Gulf Stream region (see Figure 7e below), none of the properties analyzed in this study was found to display a significant drift over this period.
Results
[8] Major improvements in physical properties simulated by the eddy-resolving (1/9)°model with respect to the earlier (1/3)°version are described by Oschlies [2002a] and include a more realistic simulation of sea surface height (SSH) variability and eddy kinetic energy (EKE), although detailed spatial patterns are affected by the model's failure to reproduce the Azores Current and to correctly position the North Atlantic Current (Figure 2 ). Also improved are the simulated surface heat budget and the depth of the winter mixed layer which is systematically shallower over the subpolar North Atlantic in the (1/9)°model. This is related to a better resolution of small-scale ageostrophic processes that can draw on potential energy stored in lateral density gradients within the mixed layer [Nurser and Zhang, 2000] . Most relevant for the present study that focuses on the oligotrophic ocean deserts is, however, that the model can generate realistic EKE levels and mixed layer depths in the subtropics.
[9] To illustrate the new model's capability to resolve the eddy field and its impact on upper ocean biology, two snapshots of the simulated surface chlorophyll concentrations are displayed in Figure 3 . The top panel shows the situation in mid-April. The onset of the North Atlantic spring bloom is visible as an east-northeastward sloping band of elevated surface chlorophyll concentrations. For the situation 6 months later, the bottom panel shows similarly high concentrations mainly in the subpolar North Atlantic and along the equator. Over the subtropical gyre, the area of low chlorophyll concentrations (<0.01 mg m
À3
) is much larger in autumn than in spring. An ubiquitous phenomenon is the pronounced variability of the simulated surfacechlorophyll field at the mesoscale, i.e., in the range of about 50 to 200 km. A detailed analysis of spatial and temporal scales of the simulated surface chlorophyll field in relation to sea surface height and surface temperature will be presented elsewhere. Here, the focus is on the eddy-induced nutrient supply to the euphotic zone, which need not always be linked to the surface chlorophyll field [Kawamiya and Oschlies, 2001] .
Test Case Bermuda
[10] A pivotal test of the new model's ability to realistically simulate eddy-induced nutrient transport is made possible by the extensive data set available from the Bermuda Atlantic Time-series Study [Michaels and Knap, 1996] (BATS, 32°N, 64°W). At this location, simulated SSH variance (8.9 cm) and EKE (113 cm 2 s
À2
) agree well with those derived from satellite altimetry ($9 cm, and 115 cm 2 s À2 , respectively [Siegel et al., 1999] ). Oschlies [2002a] further shows that the model can accurately reproduce observed spatial SSH spectra in this region. A comparison with BATS data demonstrates relatively good agreement between simulated and observed mean nitrate profiles as well as of the variance of vertical displacements of nitrate surfaces, their correlation with surface height anomalies, and the correlation between nitrate and density ( Figure 4 ). For example, right below the euphotic zone, typical vertical displacements amount to 35 m both in the model and in the observations. The model fails to reproduce the local maximum of 50 m root-mean-square (rms) vertical displacement of nitrate isosurfaces at depths between 300 and 400 m, which may indicate a slight underestimation of the eddy-pumping mechanism during periods of deep mixed layers. Similarly, the fact that simulated correlations between nitrate and density in the depth range between 120 and 270 m are slightly smaller than in the BATS data may also point to some underestimation of eddy-induced upwelling of nitrate in the model. On the other hand, the model's small overestimation of mean nitrate concentrations below 200 m may generate slightly too high estimates of eddy-induced nitrate supply. Errors in the simulated mean 53 -4 nitrate profile cannot be attributed to the model's initial nitrate field [Conkright et al., 1994] (Figure 4a ), but can instead be related to possibly overestimated upwelling of deeper, nutrient-rich waters along the American coast that quickly establish overly high nitrate concentrations in this recirculation region during the two spin-up years of the coupled model. Errors in the biological model (and in particularly in the sinking and remineralization rates) may well contribute to these discrepancies. Assuming monthly independent realizations during the 3-year analysis period of the model simulation, however, none of the differences in Figures 4b-4d is statistically significant (95% confidence level). Overall, the purely prognostic model shows a relatively good agreement between simulated and observed statistical properties of eddy impacts on the nitrate field near Bermuda.
[11] Interestingly, regressing vertical displacements of nitrate surfaces to SSH anomalies can explain about 40% of the variance below about 300 m whereas the explained variance approaches zero near the euphotic zone both in the observations and in the model (Figure 4c ). At least near Bermuda, attempts to estimate the eddy-induced nutrient supply from satellite altimetry may therefore be problematic. This is illustrated further in Figure 5 , which displays a typical annual cycle of simulated SSH, chlorophyll, and nitrate concentrations in the upper 300 m at the BATS site. Although this site was not directly hit by an eddy's center during the three-year analysis period (which seems to be consistent with the BATS time series [e.g., Siegel et al., 1999] ), the simulated SSH field reveals two large negative anomalies in spring and autumn, indicated by (1) and (2) in Figure 5a . These negative SSH anomalies are correlated with upward excursions of nitrate isosurfaces and isopycnals below about 200 m ( Figure 5c ). As indicated by the s 0 = 26.1 kg m À3 isopycnal, pronounced vertical excursions of density surfaces occur also higher up in the water column. For the first event, the s 0 = 26.1 kg m À3 isopycnal is displaced from a depth of about 190 m to some 60 m at the maximum of the negative SSH anomaly. However, this is not accompanied by a similar vertical excursion of nitrate isolines in the upper 200 m. This loosening of the otherwise tight correlation of nitrate and density [McGillicuddy and Robinson, 1997] just below the euphotic zone indicates that past excursions of this isopycnal into the light-lit surface layer have already reduced its nitrate load. Had we assumed rapid restoring to climatological mean nitrate concentrations (as was done in some previous studies), a total nitrate input of more than 0.05 mol m À2 would be diagnosed from the vertical displacement of isopycnals in the density range 26.0-26.18 kg m À3 into the euphotic zone during eddy event 1. The cumulative nitrate supply simulated by the fully prognostic model (Figure 5d ) reveals that the total input that can be associated with this event is in fact less than 0.01 mol m À2 .
[12] The simulated cumulative nitrate supply to the euphotic zone (Figure 5d ) also shows that despite realistic levels of near-surface eddy activity, most of the total annual input of 0.16 mol m À2 near Bermuda is due to vertical ). The negative SSH anomalies (1) and (2) are associated with a small nitrate supply by vertical advection (<0.02 mol m À2 in the annual integral). A slightly larger input of nitrate derives from the horizontal transport term (<0.03 mol m À2 ). On an annual basis, approximately 75% of the simulated nitrate supply near Bermuda is caused by convective mixing in winter. After winter mixing ceases, most of the nitrate supply is due to advection, with vertical mixing contributing less than 0.01 mol m À2 during the period between spring and autumn.
Basin Scale
[13] To obtain a basin-scale picture of the contributions of individual transport mechanisms to the annual nitrate supply, a depth level constant in time (but not in space) is defined for each grid point as the maximum depth reached by the 1% light level during the 3-year simulation. This depth has been computed from the seasonally and latitudinally varying irradiance fields and incidence angles, and absorption coefficients varying as a function of simulated phytoplankton biomass (see Oschlies and Garçon [1999] for a detailed description of the treatment of solar radiation). It varies from typically 90 m in subpolar regions to maximum values of 118 m in the southwestern part of the subtropical gyre (Figure 6 ). At high latitudes, the maximum depth of the euphotic zone, which is determined by water transparency and solar elevation, is typically reached just before the onset of the spring bloom. During the productive season the highlatitude euphotic zone is generally somewhat shallower and the maximum depth shown in Figure 6 may not be an ideal choice for associating nutrient supply with biological production. In the subtropics, which are the focus of this paper, there is little seasonality in chlorophyll concentrations and the maximum depth of the euphotic zone is usually reached in summer when solar elevation is highest. For the purpose of computing the rate at which nitrate is, on an annual basis, made available to photosynthesis, the transport across the maximum depth of the euphotic zone therefore seems adequate, with the possible exception of the high latitudes.
[14] The simulated mean nitrate transport across the maximum depth of the euphotic zone is displayed in Figure 7a . Nitrate supply exceeds 0.5 mol m À2 yr À1 in large areas north of 40°N where convective mixing dominates (Figure 7b ) and in the upwelling regions along the equator and off West Africa. In the subtropical gyre, where mean vertical advection is downward and winter mixing does in general not penetrate the nitracline, nitrate input is more than an order of magnitude smaller. The small nitrate export in the southwestern part of the subtropical gyre is essentially compensated by near-surface northward advection and subsequent remineralization of organic matter from the south [Oschlies, 2002b] . Simulated nitrate input via vertical mixing compares well with estimates from direct measurements in the eastern part of the subtropical gyre (23°W, 28.5°N: 0.028 mol m À2 yr À1 simulated versus 0.001 -0.32 mol m À2 yr À1 estimated from direct measurements [Lewis et al., 1986] ) and also at the BATS site at the gyre's northwestern margin (0.15 mol m À2 yr À1 simulated versus 0.17 ± 0.05 mol m À2 yr
À1
estimated for the early 1990s [Siegel et al., 1999] ). (1) and (2) in Figure 5a .
[15] The advective nitrate supply into the euphotic zone can be separated into contributions from the mean flow and from the fluctuating ''eddy'' flow, which here includes all deviations from the 3-year mean circulation, in the following way:
where the overbar denotes the three-year mean and the prime all deviations from the mean. Possible eddy effects on the mixing terms are not considered in this analysis. The first term on the right-hand side of equations (2) and (3), respectively, is referred to as contribution of the mean flow, and the second term as contribution of the fluctuating ''eddy'' flow. Note that the latter term does not only contain fluctuations associated with mesoscale eddies, but also includes submesoscale and seasonal variations.
[16] Simulated nitrate supply by the mean flow is positive only along the equator where upwelling dominates, and near the margins of the subtropical gyre where lateral Ekman transport can flux nutrients across streamlines associated with the geostrophic flow of the mean gyre circulation into the oligotrophic gyre [Williams and Follows, 1998] (Figure  7c ). Nitrate input by the fluctuating flow (Figure 7d ), in contrast, is positive over almost the entire subtropical gyre and in two zonal bands straddling the equatorial upwelling. Separating this contribution into vertical and horizontal components reveals that the vertical eddy-related nitrate flux, which includes the eddy-pumping mechanism discussed above, is largest in the northwestern part of the gyre ( Figure  7e ) where the Gulf Stream is a source of relatively high eddy activity. This is consistent with earlier idealized model results showing that nutrient upwelling is strongest during formation and intensification of cyclonic eddies generally associated with frontal regions [Dadou et al., 1996; McGillicuddy and Robinson, 1997; Spall and Richards, 2000] . Near the quieter southern and eastern margins of the subtropical gyre, where EKE levels are much lower than in the Gulf Stream region, eddies supply nitrate predominantly via lateral advection (Figure 7f ). This mainly reflects isopycnal stirring by eddies perpendicular to the mean gyre circulation. Because density surfaces tend to deepen towards the centre of the subtropical gyre, isopycnal influx of surrounding nutrient-rich waters has a small downward component. This is most pronounced at the southeastern flank of the gyre and, since counteracting nutrient upwelling by intensifying eddies is relatively weak in this region, results in net nitrate export by vertical eddy advection (Figure 7e) .
[17] Lateral supply of nitrate reaches only a few hundred kilometers into the oligotrophic gyre because of its short lifetime (days to weeks) in the euphotic zone. Eddy-induced transport of more refractory dissolved organic nitrogen (DON) from productive regions might in principle bridge larger distances [Lee and Williams, 2000] . However, at present there is no observational evidence for the existence of lateral gradients in near-surface DON concentrations required for a net DON transport into the oligotrophic gyre [Kähler and Koeve, 2001] . (Lateral influx arguments might, however, still hold for DOP, which could then help to sustain nitrogen fixation; see Abell et al. [2000] for an analysis of data in the North Pacific.) In addition to dissolved forms of nitrogen, particulate organic nitrogen (PON) may as well be subject to lateral transport. This need not imply that a single cell or particle travels long distances, but may involve many recycling loops of nitrogen in the Figure 6 . Maximum depth of the 1% light level reached during the 3-year analysis period of the simulation. This depth surface is used to compute the annual nitrate supply to the light-lit upper ocean (Figure 7 ). pelagic ecosystem before it is eventually exported out of the euphotic zone. In the present model configuration, in which detritus is the only component that sinks relative to the water, lateral advection of PON contributes up to 0.05 mol m À2 yr À1 to the annual nitrogen budget in an approximately zonal band at the northern margin of subtropical gyre. These results are very similar to those of the (1/3)°version investigated by Oschlies [2002b] and are therefore not discussed in more detail here. The advection of PON is mostly due to the mean flow, with the eddy part of the flow field acting to extend the PON supply into the gyre by a few hundred kilometers. Over that part of the subtropical gyre that receives nitrate input by the eddying flow (Figure 7d ), nitrogen input via PON is typically much smaller (by about a factor 5) than the eddy supply of nitrate. Note, however, that the simulated advective flux of PON may be underestimated as, for example, bacteria and different planktonic size classes are not explicitly considered in the presently very simple ecosystem model.
Concluding Discussion
[18] When compared to the earlier (1/3)°simulation, there is at first sight surprisingly little change in the basin-scale nitrate supply to the euphotic zone. The basin-mean nitrate supply increases by less than 10% from 0.24 mol N m À2 yr À1 in the (1/3)°run to 0.26 mol N m À2 yr À1 in the (1/9)°s imulation. As Figure 8 reveals, this increase is restricted mainly to the tropics, whereas the zonally averaged nitrate input decreases with finer resolution in the subtropics and mid latitudes. Smaller nitrate supply in mid latitudes is related to systematically shallower (and more realistic) winter mixed layers in the (1/9)°model [Oschlies, 2002a] . In the subtropics, a reduction in spurious upwelling along the American coast in the (1/9)°simulation is responsible for the lower nitrate input in the zonal average. When excluding coastal zones by restricting the zonal average to the region between 25°W and 70°W, this difference among the two models vanishes (Figure 8b ). Away from coastal upwelling regions, nitrate supply to the subtropical gyre is on average smaller than 0.02 mol N m À2 yr À1 . This is far less than the 0.63 ± 0.15 mol N m À2 yr À1 that would be required to meet oxygen utilization rates of 5.7 ± 0.06 mol O 2 m À2 yr À1 estimated from oxygen and Helium-Tritium age measurements in the eastern part of the subtropical gyre [Jenkins, 1982] and assuming a standard ÀO 2 :N remineralization ratio of 9.1 ± 0.4 [Minster and Boulahdid, 1987] . Simulated low rates of nitrate supply, on the other hand, agree well with the direct measurements reported by Lewis et al. [1986] for the same region.
[19] Near Bermuda, a comparison with previous estimates of the nutrient budget also bears some surprises: In this region the model predicts an average eddy-induced nitrate supply of only 0.029 mol m À2 yr À1 (of which 0.027 mol m À2 yr À1 is due to vertical advection). This is only about 15% of previous estimates based on methods that restore to climatological nutrient concentrations below the euphotic zone [McGillicuddy and Robinson, 1997; Siegel et al., 1999] . Applying the method of Siegel et al. [1999] (also used by McGillicuddy et al. [1998] ) to infer nutrient supply from satellite altimetry and statistics derived from in situ data to the (1/9)°model output turns out to overestimate the ''true'' simulated eddy-induced nitrate supply by more than 600%. In fact, this overestimate (0.18 mol m À2 yr
À1
) is very close to the original estimates derived from satellite and in situ data. Given the (at least at BATS) relatively realistic model statistics (Figure 4 ), this suggests that these earlier estimates of eddy-induced nutrient supply near Bermuda may have been considerably too high, presumably because of overestimated nutrient recharging on isopycnals below the euphotic zone.
[20] Another, at first sight surprising result is that the annual nitrate supply near Bermuda is much smaller in the new (1/9)°model (0.16 mol m À2 yr À1 ) than in earlier simulations at (1/3)°resolution (0.75 mol m À2 yr À1 , [Oschlies and Garçon, 1998; Oschlies et al., 2000] ). This is closely related to shallower winter mixed layers of about 180 m in the present version ( Figure 5 ) compared to 260 m in the earlier experiment described by Oschlies et al. [2000] . In both models, nitrate input is dominated by winter mixing ($75% and $95%, respectively), consistent with nitrate assimilation measurements at BATS reported by Lipschultz [2001] (which themselves seem to indicate a limited role of eddy pumping). Differences in winter mixing depth and associated nutrient supply among the two simulations depend sensitively on the different atmospheric forcing fields applied. These represent different states of interdecadal climate variability linked to the North Atlantic Oscillation (NAO) [e.g., Cayan, 1992] and generate a model response in good agreement with historical data near Bermuda [Michaels and Knap, 1996; Oschlies, 2001] . In addition, atmospheric variability other than the NAO may affect convective nutrient supply . The large sensitivity of simulated nutrient supply in this region to changes in atmospheric forcing may also help explain apparent discrepancies between observations taken at different times. Similarly, at least part of the discrepancy between the Jenkins ' [1988] observational estimate of nitrate supply for the 1980s and the (1/9)°model results reflecting the 1990s (whereas agreement was good for the earlier (1/3)°version [Oschlies and Garçon, 1998 ] run under atmospheric forcing that corresponded to a more negative phase of the NAO) may be attributed to interannual and longer-term variability.
[21] Obviously, even a (1/9)°model grid is not yet fine enough to fully resolve the small-scale vertical exchange associated with frontal instability processes and therefore might still underestimate nutrient supply to the euphotic zone. Idealized model studies indeed suggest a net increase of near-frontal biological production on further refining the horizontal grid [Lévy et al., 2001] . However, more vigorous vertical (i.e., diapycnal) exchange also leads to generally colder and denser surface waters as found, for example, by Mahadevan and Archer [2000] . The present model's relatively realistic description of surface heat budget and mixed layer depths [Oschlies, 2002a] therefore imposes some limitations on the possible strength of as yet unresolved exchange processes. Because this argument relies on presently poorly known surface heat fluxes, it still would allow for a possible contribution of frontal-scale, ageostrophic nutrient fluxes quantitatively similar to that of mesoscale eddies reported here. However, together with the relatively small changes in the subtropical gyre's nitrogen budget on refining the grid resolution from (1/3)°to (1/9)° (Figure 8 ) and the relatively realistic statistical properties of the model (Figure 4 ), it seems difficult to envisage a significant upward revision of the estimate of eddy-induced nutrient supply reported here. Alternative pathways of nitrogen supply, deviations from standard elemental stoichiometry, and possible effects of interannual variability in the oceanatmosphere system must probably be taken into account to disentangle apparent observational discrepancies and to correctly assess the strength of the biological pump in the subtropical ocean. 
